Abstract. Failure mode and effects analysis (FMEA) is a preventive tool to keep the bad product from going to the consumers. Experts in a FMEA group often have different evaluations to each failure mode, and this will lead to conflict ratings for each failure mode, then how to manage the conflict to get the risk priority number (RPN) more reasonable is still an open issue. In this paper, the generalized combination rule (GCR) in generalized evidence theory (GET) is introduced to manage the conflicts from different experts in a FMEA group. And the conflicts are modeled as the empty set, which corresponds to the incomplete knowledge or experience among the experts in the FMEA group. In this way, this paper provides a new FMEA model to combine the rating conflict. A real case study to the rotor blades of an aircraft turbine shows the effectiveness and merits of the proposed approach.
Introduction
Failure mode and effects analysis (FMEA) [1] is quite an important tool for defining, identifying and preventing the known or unknown potential problem of a system, design, service, process and so on, and it has been widely used in many fields since it was built in 1960s [2] [3] [4] [5] [6] [7] [8] . At the same time, some of the potential problems in the conventional FMEA model are criticized [9] , and a lot of approaches or modified FMEA models are presented in the literatures [10] [11] [12] [13] [14] . Among all these shortcomings in the conventional FMEA model, the three risk factors are difficult to be precisely evaluated can be addressed by Dempster-Shafer evidence theory [15] [16] [17] , and there are already some research achievements among the literatures [2-4, 10, 13] which are based on the evidence theory.
Lately, some new theories based on the Dempster-Shafer evidence theory are proposed [18] [19] [20] [21] [22] and there seems to be some new merits compared with the conventional evidence theory. One of them is the generalized evidence theory (GET) [18] [19] [20] . And the generalized combination rule (GCR) in GET can combine the conflict information more effectively and accurately. So, in this paper, the GCR in GET is used as a new approach to deal with the evaluation information among all the experts in the FMEA group.
The rest of this paper is organized as follows. In Section 2, the risk priority number (RPN) and the GCR in GET are introduced briefly. In Section 3, the proposed FMEA model for rating conflict combination based on GCR in GET is presented, then the proposed conflict free RPN (CFRPN) is used to handle a real FMEA case of rotor blades for an aircraft turbine in Section 4. The conclusions are presented in the final Section 5.
Preliminaries
In this section, the risk priority number (RPN) in failure mode and effects analysis (FMEA) and the generalized combination rule (GCR) in generalized evidence theory (GET) are introduced briefly.
Risk priority number
One of the most important roles for a FMEA file is to provide the priority among all the potential failure modes by RPNs, and in this way, the limited resource can be used to handle those failure modes with a higher risk level. In conventional FMEA, the RPN is the product of the rating of three risk factors, as shown in Eq. (1) . In detail, these three risk factors are the probability of the occurrence of a failure mode (O), the severity of a failure effect (S) and the probability of a failure being detected (D) [3, 23] .
RPN=O×S×D.
(1) For each risk factor, the numerical ratings are from 1 to 10, the suggested criteria for the risk factor O, S and D are shown in Table 1, Table 2 and Table 3 respectively [3, 23] . 
Generalized combination rule
In GET [18] , the generalized basic probability assignment (GBPA) corresponds to basic probability assignment (BPA) in Dempster-Shafer evidence theory, which is used for data expression and modeling. And the generalized combination rule (GCR) is provided for combining the different evidence.
Suppose that U is a frame of discernment, for a proposition A , AU ∀⊂ , a mass function is a mapping :
Where m is the GBPA in the frame of discernment, U. Note that, compared to Dempster-Shafer evidence theory, ( )=0 m φ is not necessary in GBPA. And it can be used to model other uncertain
factor in the open world. The GCR for two GBPAs, 1 m and 2 m , is defined as follows [18, 19] , from Eq. (3) to Eq. (6).
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, it means that the intersection between two empty sets is still an empty set, and this can be explained as the unknown situation is still uncertain.
Rating conflict combination in failure mode and effects analysis
In this section, the source of the rating conflicts in failure mode and effects analysis (FMEA) are analyzed firstly; then with generalized combination rule (GCR) in generalized evidence theory (GET), the rating conflicts from different experts in a FMEA group are modeled properly; finally, the modified risk priority number (RPN) of each failure mode, which will be a conflict free RPN, noted as CFRPN, is presented.
Rating conflict analysis in FMEA
The rating conflict for each failure mode comes from different experts in a FMEA group, and the possible reasons of different ratings given by different team member are mainly summarized as follows. · Different perspectives because of different roles and different responsibilities in a company or other organizations. Each expert may come from different department of an organization, e.g. the Research & Development department, the Production department, the Experiment department, the Market department, the Sales department and so on; thus each FMEA group member assesses the same failure mode from different perspectives. · Different academic backgrounds among all the team members. The team members may have different majors before they leave the college or university. · Different experience. Different work experience and living experience can have effects on their subjective assessment on the same things, especially the professional work experience. According to these reasons mentioned above, the rating conflict seems to be a kind of knowledge or experience conflict. And it can be represented as the empty set in GET, which means the knowledge conflict among team members. With GCR in GET, the quantitative rating conflict among the experts is combined in the following sections.
Quantification of rating conflict
In real application, an expert in a FMEA group may assess the rating level to more than one level with percentages distribution [2, 3] , and in this way, the total percentage of one expert for one failure mode will be no more than 100%. What's more, the rating level given by different experts in a FMEA group sometimes is quite different with each other. At this time, a conflict among different experts in a FMEA group happens. This is reasonable, because each team member has one's own judgment basing on one's own knowledge and experience comes from different academic background, work experience, living experience and so on. And these difference contribute to each expert's special skill and knowledge as well as one's limitation, and this the limitation can limit an experts' judgment, this can be regarded as the incomplete frame of discernment of each expert in GET, and it is out of the 10 ratings. Here, in this paper, the degree of two experts' conflict because of the incomplete knowledge is represented by ( ) m φ in GET.
Definition 1
The degree of the conflict ( ) m φ between two experts for a particular failure mode, is one tenth of the average value of the difference of the maximal ratings between these two experts plus the difference of the minimal ratings, as shown in Eq. 
The Eq. (7) replaces the Eq. (5) (7), if a team member assigns an empty set to nonzero, in other words, if one keeps in mind that one's knowledge or frame of discernment is incomplete, the empty set in Eq. (7) can be degenerated to its original type, the Eq. (5) and Eq. (6).
According to Eq. (7), some numerical characteristics and properties of the conflict can be summarized as follows.
(1) The minimum of ( ) m φ is zero. When ( ) 0 m φ = , it means that both experts rate a particular failure mode among the same interval, with the same or different probability in the interval.
(2) The maximum of ( ) m φ is 0.9, which means the biggest conflict between two experts, and one expert has a total belief that the level is 10 and the other expert think it should be 1. FFFF − ) needs to be taken into consideration. As mentioned before, the rating conflict among the experts comes from the incomplete knowledge or experience of each team member. Thus the incomplete frame of discernment, n i θ , of the th n failure mode to the th i risk factor can be expressed as Eq. (8).
(1,2,3,4,5,6,7,8,9,10)
The conflict free RPN (CFRPN) for a failure mode can be got according to the following four steps.
Step 1: Construct the belief function of each expert for each failure mode. The generalized basic probability assignment (GBPA) is similar to the basic probability assignment (BPA) in the literatures [15] [16] [17] , and it is denoted as function () mA , and it is a mapping:
. The difference from literature is the assignment of the empty set, () m φ , if it is assigned as zero in GBPA, it will be calculated by Eq. (7) in Section 3.2. In Eq. (9), (1, 2, 3, 4, 5, 6, 7, 8, 9 ,10) θ = , () mA expresses the probability given by experts to support proposition A , which may be no more than a single possible rating of a risk factor for a failure mode, and it may be a set of multiple possible ratings.
Step 2: Calculate the quantitative rating conflict. If the GBPA for empty set is zero in Step 1, then with Eq. (7), the rating conflict can also be quantified, and sometimes it may also be zero because the conflict is not always exist. And if the initial GBPA given by experts for empty set is not zero, it can be explained as the incomplete or uncertain knowledge of the expert which is also a conflict to the rating.
Step 3: Combine the GBPAs from different experts in the FMEA group. With the combination by GCR in Eq. (3)-Eq. (6), the conflict free ratings of each risk factor for all the failure modes can be got. What's more, because the GCR in GET is similar to Dempster combination rule, and it is commutative and associative, it can be calculated in any order or at the same time. And for the th n failure mode to the th i risk factor, for each rating represented by a proposition n i A θ ⊂ , the combined probability assignment from the L experts is defined as Eq. (10).
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MAMMMA =⊕⊕⊕ L (10) Step 4: Calculate CFRPNs of all the failure modes.
For the th n failure mode, the CFRPN is calculated as Eq. (11) . And the conflict mass function, represented by Eq. (7), which means uncertain and conflict, are assigned to the average rating of the whole ratings, and in this paper it is assumed as the rating 6.
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nnnnnn nOOSSDD CFRPNOMAMSMAMDMAM φφφ =⋅+⋅×⋅+⋅×⋅+⋅ (11) The illustrative numerical example and application of these steps can be found in a real case study in the following Section 4.
A real case study
In this section, the proposed approach is used to handle a real FMEA case of rotor blades for an aircraft turbine [3] , and there are 17 typical failure modes among these rotor blades, which will be handled in this section to show the effectiveness of the proposed FMEA model.
Experiment data
Consider the 17 failure modes assessed by three experts in Table 4 [3] , the belief function is constructed by experts according to literature [3] . Table 4 The 17 failure modes evaluated by three experts in literature [3] . 
Failure mode
Rating of risk factor Expert 1 Expert 2 Expert
Experiment with the proposed approach
The evaluation information assessed by each expert for each risk factor of all these 17 failure modes are shown in Table 4 , and it comes from the literature [3] . In this way, the result of the proposed approach can be compared with the data in the literature. Without losing the generality, take the 12th failure mode as an example to illustrate how the proposed approach is used to calculate the conflict free RPN (CFRPN), as described step by step in Section 3.3.
Step 1: Construct the belief function of each expert for the 12th failure mode. For the 12th failure mode, the GBPAs for each risk factor are shown as follows. O: Step 2: Get the quantitative rating conflict for the 12th failure mode. For the 12th failure mode, the rating conflict exits for risk factor D, and there is no rating conflict for risk factor O and S. For the risk factor D, the rating conflict between Expert 1 and Expert 2 is calculated according to Eq. 
Step 3: Combine the GBPAs from different experts in the FMEA group for the 12th failure mode.
( ) 
Repeat the Step 2 and
Step 3, and all the GBPAs are got.
( ) ( ) 
Repeat
Step 1 to Step 4, the CFRPNs for all these 17 failure modes(FM) are presented in Table 5 , as well as the comparing MVRPNs in the literature [3] where the experiment data comes from. [3] , and it should be 50. * *The value is incorrect in the literature [3] , and it should be 30.
Results and discussions
According to Section 4.2, the CFRPNs of the 17 failure modes (FM) are calculated with the proposed FMEA model in Section 3, as shown in Table 5 .
In Table 5 , the CFRPNs of FM1 and FM9 are the same with the MVRPNs, this is because for these two evaluation information, the GCR in GET is degenerated to the conventional combination rule in conventional D-S Evidence Theory [15] [16] ; which is a merit of GET. For FM2, FM4, FM13, FM14, FM15, FM16 and FM17, the results are consistent with the MVRPNs, which mean the proposed approach compatibles the old one. For FM3, FM6, FM7, FM10 and FM11, there is no rating conflict according to the experiment data. And according to FM5, the CFRPN is small than MVRPN, and it can be seen as an optimistic strategy, because the rating of the failure mode is reduced according to the proposed approach; What's more, compared with Su's modified method [4] , it's more close to the original one of Yang's MVRPN, and how to control the RPN to a small one for a particular failure mode is another a big problem of risk analysis with FMEA. In FM8 and FM12, the difference between the CFRPNs and the MVRPNs shows that the proposed approach is more sensitive to the evaluation information of the experts, and it can reduce the duplication of RPNs, which is also an another problem needed to be handled in FMEA.
Above all, the propose approach in this paper is compatible with the one in the literature [3] , which assures its effectiveness. And it is more sensitive to the evaluation information comes from experts, which means a promising application prospect for combine uncertain and imprecise information of experts in a FMEA group.
Conclusions
This paper contributes a new FMEA model to combine the imprecise evaluation information in a FMEA group. With the empty set in GET, according to the proposed FMEA model, the rating conflict from different experts' evaluation information is modeled properly. Compared with the model in the literature, the proposed approach is compatible and more sensitive to the assessment information, which assures it can be more accurate while combining the rating conflicts from different experts. The experiment results based on the case study of aircraft engine rotor blades verify the merits of the proposed approach.
